Studies using Drosophila have played pivotal roles in advancing our understanding of molecular mechanisms of mitosis throughout the past decades, due to the short generation time and advanced genetic research of this organism. Drosophila is also an excellent model to study female meiosis in oocytes. Pathways such as the acentrosomal assembly of the meiotic spindle in oocytes are conserved from fly to humans. Collecting and manipulating large Drosophila oocytes for microscopy and biochemistry is both time-and cost-efficient, offering advantages over mouse or human oocytes. Therefore, Drosophila oocytes serve as an excellent platform for molecular studies of female meiosis using a combination of genetics, microscopy and biochemistry. Here we describe key methods to observe the formation of the meiotic spindle either in fixed or in live oocytes. Moreover, biochemical methods are described to identify protein-protein interactions in vivo.
I. Introduction
During cell division, a spindle made of microtubules is assembled to segregate chromosomes into two equal complements. In mitosis, spindle microtubules emanate mainly from microtubule organising centres, called centrosomes (Kirschner and Mitchison, 1986) . Although the basic cell division machinery is conserved between mitosis and meiosis, the latter often involves modifications to molecular pathways .
Firstly, in the first meiotic division (meiosis I) homologous chromosomes segregate, which is followed by the segregation of sister chromatids in second meiotic division (meiosis II).
Secondly, in most animals, oocytes assemble the meiotic spindle in the absence of centrosomes (Karsenti and Vernos, 2001; McKim and Hawley, 1995) , showing the existence of alternative, centrosome-independent pathways for meiotic spindle assembly. Despite being a fundamental biological question with potential medical implication, the assembly of the meiotic spindle remains to this day poorly understood at the molecular level. The vast availability of genetics tools combined with the short generation time make the fruit fly, Drosophila melanogaster, an excellent model to study the acentrosomal spindle assembly.
Moreover, Drosophila oogenesis naturally arrests prior to fertilization in metaphase I (King, 1970; Theurkauf and Hawley, 1992; Page and Orr-Weaver, 1997) , allowing the collection of substantial numbers of synchronised oocytes for biochemical and cytological studies.
Transgenesis using transposon-mediated integration, homologous recombination and site-directed integration provides a robust tool to introduce genetic modifications into the Drosophila genome (Bateman et al., 2006; Bischof et al., 2007; Fish et al., 2007; . Using transgenesis, the expression of genes coding for tagged proteins enables the visualisation of proteins of interest in live oocytes. Moreover, the transgenes can be placed under the control of a ubiquitous promoter allowing expression in the whole fly, or can be expressed in a tissue-specific manner, using the Gal4 inducible promoter system, restricting their expression to the female germline (Fischer et al., 1988; Rørth, 1998) .
A powerful way to understand the role of a gene is to inactivate it and study the induced phenotype. Mutants of many genes are already available. Furthermore, RNA interference (RNAi) in vivo enables gene knock-down in specific tissues. Unfortunately, the long hairpin RNAs commonly used to inactivate genes in Drosophila are ineffective in female germlines. Instead, a new strategy has been developed based on short hairpin RNAs (shRNA) that proved to efficiently inactivate genes during oogenesis (Ni et al., 2011) . RNAi lines effective in germline cells now cover about 59% of the Drosophila genome (8240 genes out of ~14000 total coding genes, in October 2017 according to the Harvard TRiP Project).
This number keeps growing and custom-made lines can be generated with relative ease.
Efficiency of RNAi can be tested by western Blot (see C.i) or by RT-qPCR after ovaries are dissected. The possibility of off-target effects can be excluded by testing phenotypes of multiple non-overlapping shRNAs, or rescuing the phenotype by expressing an RNAi resistant variant which codes for the targeted protein.
The imaging of a meiotic spindle, both in fixed and live oocytes, has always been a challenging task due to the thickness of mature oocytes. Although the development of confocal microscopy overcame the problem to some degree, effective methods for oocyte fixation and permeabilization are nevertheless required to obtain satisfactory images. This chapter will first discuss methods to fix the oocytes in metaphase I to study the localisation of proteins, and then methods to image the meiotic apparatus and proteins in live oocytes.
Finally, this chapter will also cover methods to immunoprecipitate proteins of interest in order to study their interacting partners by western blotting or mass spectrometry. Taking advantage of the natural cell cycle arrest in metaphase I and the large size of Drosophila oocytes, it is possible to collect a substantial amount of material for biochemical assays.
Therefore, Drosophila provide a unique opportunity to combine genetics, microscopy and biochemistry to study meiotic spindle assembly in oocytes.
II. Methods

A. Staining the meiotic spindle in fixed oocytes
A.i) Immunostaining of fixed oocyte A classical approach to understand the function of a gene during a biological process is to characterise the effects of its depletion in comparison to a control. Genetic mutations can be used if they are available. In case a mutation causes lethality, generating germline clones using site specific recombination allows production of phenotypically wild-type flies carrying mutant oocytes. Furthermore, transgenic RNAi lines have been generated at Harvard University (https://fgr.hms.harvard.edu/fly-in-vivo-rnai) and are available from the Bloomington Drosophila Stock Center (http://flystocks.bio.indiana.edu/Browse/RNAi/RNAihome.htm). Flies expressing shRNA (using pValium 20, 21 and 22; https://fgr.hms.harvard.edu/gal4-uas-germline), not long hairpin RNA commonly used in somatic cells, are adequate for depletion in oocytes (Ni et al., 2011) . Customised RNAi lines can be generated if required (for more detail see at https://fgr.hms.harvard.edu/cloning-and-sequencing). In these lines, shRNAs are placed under the control of UASp promoter that can be activated by Gal4 (Rørth, 1998) . The UASp promoter is derived from the UASt promoter, and allows for efficient expression in the female germline cells, as well as somatic cells. They are crossed with flies expressing Gal4 under the control of a female germline specific promoter: nanos-GAL4 (Rørth, 1998) , maternal αtubulin-GAL4 (Staller et al., 2013) or MTD-Gal4 (Maternal Triple Driver; https://fgr.hms.harvard.edu/gal4-uas-germline). In female progeny expressing the shRNA only during oogenesis, the gene of interest will be inactivated specifically in the female germline. About 25 of these females, in parallel to wild-type control flies, are then matured at 25°C in the presence of ~13 males in fly food bottles with dried yeast pellets, as mating and food stimulate oogenesis and ovulation (Bloch Qazi et al., 2003) . In 3-5 days at 25°C, the females produce matured stage-14 oocytes naturally arrested in metaphase I (Gilliland et al., 2009; King, 1970) .
As microtubules are highly dynamic, it is crucial to fix oocytes quickly before they are depolymerised. One effective method, which we routinely use in our lab, is to directly dissect ovaries from flies in methanol (Cullen and Ohkura, 2001; Tavosanis et al., 1997) .
About 4-5 mature females are dropped into methanol in a watch glass. Under a dissection microscope, the abdomens of the mature females are quickly torn apart in methanol with a pair of forceps. The methanol immediately penetrates the ovary tissues and fixes the oocytes. The ovaries are transferred using a Pasteur pipette into a 15 ml tube containing 3-5 ml of fresh methanol. At this stage, oocytes can be stored in methanol for months at -20°C.
Oocytes are gently sonicated (37%,1 second pulse, three times; the settings need to be optimised for the sonicator used and firmness/fragility of ovaries) to remove the chorion but preserve the integrity of the oocyte. This sonication step is essential as the chorion would hinder the penetration of antibodies during the subsequent immuno-staining protocol. The fixed de-chorionated oocytes, distinguished by a more matte appearance than the shiny chorionated oocytes, are gently transferred using forceps or a pipette into a microfuge tube containing fresh methanol. Sonication can be repeated until 100-150 oocytes are collected.
Fixed oocytes are rehydrated through washes of PBS-methanol (50%-50%) and PBS before a 30-minute incubation in a blocking solution of PBS-T (PBS + 0.1% Triton X-100) + 10% foetal calf serum (FCS). Primary antibodies against the protein of interest are diluted as required in PBS-T + 10% FCS and incubated with the oocytes for 2 hours to overnight.
Oocytes are washed three times for 10 minutes with PBS-T then incubated for 2 hours with a fluorophore-conjugated secondary antibody diluted in PBS-T + 10% FCS. Oocytes are extensively washed in PBS-T 4 times for a total of 1 hour before being mounted. DAPI (final 0.5 µg/ml) should be added with the secondary antibody or during the last wash to visualise the chromosomes. Oocytes are transferred onto a paint brush and excess liquid drawn away by a tissue applied against the base of the brush. The oocytes are transferred to the tip of a pair of fine forceps and then into a 20 µl drop of mounting medium (85% glycerol, 2.5% propyl gallate) on a coverslip (18x18 mm). Oocytes are gently pushed down with forceps onto the surface of the coverslip. Once they are all in contact with the coverslip, a glass slide is gently pressed against the drop of mounting medium to capture the coverslip by capillarity action. Finally, slides are sealed with nail varnish. Slides can be kept for a few weeks if stored at 4°C.
Slides are imaged using a confocal microscope to visualise the spindle in the oocyte. ThermoFisher Scientific) work in Drosophila oocytes and have been proven to be efficient in studying the localisation of ectopically expressed, tagged proteins (Beaven et al., 2017) .
Other tags such as 3xFLAG, Myc, HA or poly-Histidine should work but have not been tested in our lab.
A.ii) Microtubule regrowth assay
Visualising the fixed metaphase I spindle is informative, but it is also possible to follow the regrowth of the microtubules of the spindle after depolymerisation. To do so, matured females can be individually incubated in microfuge tubes on ice for three hours to fully depolymerise the microtubules (Radford et al., 2012) . Oocytes are then fixed in cold methanol immediately before regrowth (time point 0), or incubated in a 25°C water bath to allow microtubule regrowth for different periods of time before fixation with methanol at room temperature. The rest of the protocol is the same as the immunostaining described above.
After 5 minutes, we observed that the spindle is fully regrown and that bipolarity is roughly re-established (our unpublished data). This method can be used to determine the role of a gene in microtubule regrowth (by using RNAi and mutants, see above).
A.iii) In situ hybridization
In meiosis I, kinetochores of sister chromatids are tightly associated together, and kinetochores of homologous chromosomes must be bi-oriented and attached by microtubules emanating from opposite poles. Failure in this process can result in chromosome mis-segregation (McKim and Hawley, 1995; Radford et al., 2017) .
Kinetochores assemble at a particular region of the chromosome called centromere.
Centromeres of each homologous chromosome are pulled towards opposite poles (Dernburg et al., 1996) . Pericentromeric heterochromatin contains tandemly repeated sequences, with at least one unique repetitive sequence per chromosome (Abad et al., 1992; Carmena et al., 1993; Dernburg, 2000; Dernburg et al., 1996; Loh et al., 2012; Meireles et al., 2009; Radford et al., 2012; Zhaunova et al., 2016) . Therefore, a specific pair of homologous centromeres can be visualised under a fluorescent microscope by fluorescent in situ hybridization (FISH) using a fluorescently labelled oligonucleotide that can hybridise to these chromosome-specific sequences (Dernburg, 2000; Dernburg et al., 1996) . Live-imaging in tissues such as oocytes is difficult in many aspects. Problems imposed by the thickness of the tissue can be bypassed using confocal microscopy, allowing the acquisition of a single focal plan with minimal out-of-focus signals. The sensitivity however is compromised compared to fixed oocytes as the oocyte is surrounded by a chorion that prevents light efficiently crossing the tissue. Photo-bleaching of the fluorescently-tagged proteins represents another problem and prevent long term laser exposure. Spinning Disk confocal microscopes allow faster acquisition with reduced photo-bleaching, but with higher background noise due to a leakage of out-of-focus signals. Caution is required to control for potential artefacts arising from the expression of a fluorescently-tagged protein.
As with immunostaining of oocytes, flies expressing fluorescently-tagged proteins of interest are matured for 3 to 5 days at 25°C to obtain late-stage oocytes (stage 13 and 14).
They are then dissected in halocarbon oil 700 at room temperature, ovaries torn apart with forceps and oocytes spread out onto a coverslip (24 x 50mm) to separate early oogenesis stages from stage-13 or -14 oocytes. To image metaphase I spindles, stage 14 oocytes with long appendages are used (Gilliland et al., 2009; King, 1970) . A commonly used chromosome marker, H2Av-RFP, is not suitable for long-term live-imaging due to rapid photobleaching. We developed a way to visualise the chromosomes and the spindle in living oocytes for long-term imaging by expressing RCC1-mCherry (Regulator of Chromatin Condensation 1) to mark the chromosomes (Colombié et al., 2013) and GFP-α-tubulin to mark microtubules (Beaven et al., 2017; Colombié et al., 2008; Głuszek et la., 2015) under the control of an oogenesis-specific Gal4 driver (nanos-GAL4, MVD1). This can be used to live-image metaphase I spindles with minimal spindle and chromosome defects when flies are matured at 18°C. 0.8 µm Z-stacks of each channel are captured every 30-60 seconds.
Flies expressing GFP-α-tubulin and RCC1-mCherry can also be recombined with a large variety of RNAi lines/mutants to study the effect of gene depletion on spindle stability (Beaven et al., 2017; Colombié et al., 2013 , Głuszek et la., 2015 . It is possible to study the dynamics of the microtubules using FRAP (Fluorescent Recovery After Photo-bleaching) in different genetic backgrounds to analyse the effect of gene depletion on the spindle microtubule dynamics (Colombié et al., 2013) . The localisation and dynamics of any other fluorescently-tagged proteins on the metaphase spindle can also be analysed with this method (Głuszek et al., 2015) .
B.ii) From nuclear envelope breakdown to spindle bipolarity establishment and maintenance
It is also possible to study the process of meiotic spindle formation from the nuclear envelope breakdown (NEBD). Mature flies also contain some early stage-13 oocytes which have an intact nuclear envelope. They can be distinguished from stage-14 oocytes, as they have immature appendages in the anterior part of the oocyte (Gilliland et al., 2009; King, 1970 ). An intact nucleus can be recognised by accumulation of RCC1-Cherry signals in the nucleoplasm or exclusion of GFP-α-tubulin signal from the nucleus. Just before NEBD, GFPα-tubulin is accumulated in the nucleus, and upon NEBD, GFP-α-tubulin and RCC1-Cherry diffuses in the ooplasm. This is followed by microtubule assembly around the chromosomes. 0.8 µm Z-stack sections of each channel are captured every 30-60 seconds.
Approximately 10 minutes after the NEBD the first microtubules start to appear around the chromosomes. Spindle bipolarity is roughly established 30 minutes after the NEBD (Colombié et al., 2008; Głuszek et al., 2015: Figure 3 ). As Drosophila melanogaster lives at 18-25°C, it is possible to follow oocytes live at room temperature. From nuclear envelope breakdown to spindle bipolarity establishment/maintenance can be followed for a couple of hours or even longer, without significant photo-bleaching or loss of viability as evident by collapse of the spindle.
C. Biochemistry in ovaries C.i) Western blot on ovaries and oocytes
Drosophila oocytes can be used for biochemical studies, due to the large size of their ovaries and the cell cycle arrest in mature oocytes. The simplest analysis is a western blot to detect a protein of interest. A single ovary provides enough material to visualise an endogenous protein of interest by western blot using an antibody specific to that protein. To avoid the unwanted action of endogenous phosphatases or proteases during protein preparation, 10 ovaries from matured flies are dissected in methanol, and transferred into a microfuge tube. The methanol is then replaced with 50 µl of water. Alternatively, adult flies can be boiled with 50 µl of water in a microfuge tube before dissection. It is also possible to manually separate oocytes/egg chambers and collect those at specific stages of oogenesis under a dissection microscope. When preserving phosphorylation or other sensitive modifications is crucial, mature females are dissected in methanol followed by separation of ovarioles at early or late stages (Cullen et al., 2005) . Collected ovarioles are homogenised in 50 µl of PBS with a plastic pestle in the microfuge tube. 50 µl of 2X SDS sample buffer (100 mM Tris-Hcl pH 6.8; 4% SDS; 20% glycerol; 0.2% Bromophenol Blue; 1.43M 2mercaptothanol) is added, before being boiled for 4 minutes to denature proteins. A sample equivalent to a single ovary is loaded on a gel for SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) followed by western blot.
C.ii) Immunoprecipitation to detect protein-protein interaction
Ovaries of matured flies are predominantly composed of stage-14 oocytes arrested in metaphase I. Therefore, it is possible to collect many synchronised oocytes to explore protein-protein interaction at this specific cell cycle stage. We can immunoprecipitate endogenous or ectopically expressed tagged proteins to identify their co-precipitated partners. As little as 15 or as many as hundreds of matured females are dissected in PBS+2 mM EGTA. At this stage, ovaries can be transferred in a microfuge pre-chilled on dry ice, snap frozen in liquid nitrogen and stored at -80°C up to several months. Ovaries are resuspended in lysis buffer (20 mM Tris pH7.5, 50mM NaCl, 5mM EGTA, 1mM DTT, 1mM PMSF, 0.5% Triton + protease inhibitors). Ovaries are then crushed in lysis buffer using a glass tissue grinder (Dounce) and incubated for 30 minutes on ice. Ovary extracts are subsequently centrifuged at 16,000 g for 30 minutes at 4°C. Cellular debris (pellet) are discarded and soluble proteins (supernatant) are mixed with antibodies coupled to magnetic beads (for example, magnetic GFP-Trap®_M beads from chromotek; #gtm-20) for 1 hour to overnight at 4°C. For a pilot test, use 10 µl of slurry beads per 100 µl of lysate. The amount of beads can be optimised by checking the amount of targeted protein that remains in the unbound fraction after immunoprecipitation. Beads are then quickly washed three times with excess lysis buffer + 0.1% Triton and resuspended in boiling SDS sample buffer prior to further analysis. Note that the composition of the buffer used for washing the beads (salt concentration, detergent etc.) and the duration of the washes can be modified to obtain the desired stringency of the washes. Western blotting can be performed to investigate the presence of candidate interacting proteins or samples can be analysed by mass spectrometry to identify proteins co-precipitated with the protein of interest. It is essential to compare with controls, such as oocytes expressing the tag alone (GFP, FLAG, Myc etc), use of unrelated antibodies of identical or similar isotype, or use of magnetic beads alone. DNA (magenta) is stained with DAPI, and α-tubulin is stained with DM1A antibody (mouse monoclonal DM1A, Sigma-Aldrich; Alexa Fluor 488-conjugated anti-mouse secondary antibody). This probe (green; Alexa Fluor 546-dUTP) recognises the dodeca satellite sequences specific to the peri-centromeric region of the third chromosome that appear as two foci, one for each homologue of centromere 3. In Lid-depleted oocytes, chromosomes are split into two distinct clusters compared to the normal single chromosome cluster observed in control oocytes. Contrary to the bioriented Cen3 foci pointing out towards opposite spindle poles observed in control oocytes (yellow arrows, top), lid RNAi oocytes often display monopolar orientation of the chromosomes. This is highlighted by the proximity of the two Cen3 foci to the same side of the spindle (yellow arrow, bottom). Scale bar, 5 µm.
(adapted from Zhaunova et al., 2016) Figure 3. Live-imaging of meiotic spindle formation from microtubule assembly to bipolarity establishment. Oocytes from females expressing GFP-α-tubulin (microtubules, green) and Rcc1-mCherry (chromosomes, red) in a wild-type background (wild type) or in an Augmin mutant background (wacΔ) are imaged from the nuclear envelope breakdown (NEB= 00:00) to the establishment of a bipolar meiotic spindle (25:00). Augmin depletion does not perturb spindle assembly, nor the timing of bipolarity establishment. However, Rcc1-mCherry reveals that chromosomes fail to congress into a spherical structure and appear spread out along the spindle when Augmin is absent. Time is indicated in min:sec; scale bar, 10 µm. (adapted from Colombié et al., 2013) .
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